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The structure of the quasi two dimensional heavy fermion antiferromagnet CeRhlns has been in- 
vestigated as a function of pressure up to 13 GPa using a diamond anvil cell under both hydrostatic 
and quasihydrostatic conditions at room (T = 295 K) and low (T = 10 K) temperatures. Comple- 
mentary resonant ultrasound measurements were performed to obtain the complete elastic moduli. 
The bulk modulus (B w 78 GPa) and uniaxial compressibilities («„ = 3.96x 10 -3 GPa -1 and 
k c = 4.22x 10 -3 GPa -1 ) found from pressure-dependent x-ray diffraction are in good agreement 
with the ultrasound measurements. Unlike doping on the Rh site where T c increases linearly with 
the ratio of the tetragonal lattice parameters c/a, no such correlation is observed under pressure; 
instead, a double peaked structure with a local minimum around 4-5 GPa is observed at both room 
and low temperatures. 

PACS numbers: 61.10.Nz,62.50.+p,51.35.+a, 71.27.+a,74.70.Tx 



I. INTRODUCTION 

Ce based heavy fermion (HF) antiferromagnetic (AF) 
compounds have been the subject of intensive investi- 
gations due to their unconventional magnetic and super- 
conducting properties. In these compounds the electronic 
correlations, the magnetic ordering temperature and the 
crystal field effects are sensitive to pressure, and pressure 
induced superconductivity has been observed in a variety 
of compounds such as CePd2Si2, CeCu2Ge2, CeRli2Si2 
and CeIn3i2iMi£i&. The appearance of superconductiv- 
ity in these systems and the deviation from Fermi liquid 
behavior as a function of pressure are still challenging 
problems to be studied. Recently, HF systems with the 
formula CeAflns (M = Co and Ir) have been reported 
to become superconductors at ambient pressure^, while 
CeRhlns is an antiferromagnet at ambient pressure ( 
T N = 3.8 K and 7 » 400 mJ/mol K 2 ). These com- 
pounds crystallizes in the HoCoGas structure with al- 
ternating stacks of Celn3 and A/In2 along the c axis. 
Thermodynamic 9 , NQR-, and neutron scattering^ ex- 
periments all show that the electronic and magnetic prop- 
erties of CeRhlns are anisotropic in nature. The AF 
ordering in CeRhlns is suppressed with applied pres- 
sure and superconductivity is observed at 1.6 GPa with 
T c = 2.1 K. Like Celri3 the bulk nature of the SC state 
in CeRhlns has been unambiguously established under 
pressure. The AF state is suppressed at a pressure of 
around 1.2 GPa and coexists over a limited pressure 
range with the superconducting (SC) stata§ii2ii£. 

The value of T c in magnetically mediated supercon- 
ductors is believed to be dependent on dimensionality in 
addition to the characteristic spin fluctuation tempera- 
ture. Theoretical models and experimental results sug- 
gest that SC state in CeRhIn 5 may be due to the quasi- 
two dimensional (2D) structure and anisotropic AF fluc- 
tuations which are responsible for the enhancement of T c 



relative to Celn^^^. A strong correlation between the 
ambient pressure c/a ratio and T c in the CeAflns com- 
pounds is indicative of the enhancement of the supercon- 
ducting properties by lowering dimensionality (increasing 
c/a increases T c )i4. In order to explain the evolution of 
superconductivity induced by pressure and the suppres- 
sion of AF ordering, it is important to probe the effect of 
pressure on structure for this compound and look for pos- 
sible correlations between structural and thermodynamic 
properties. 

Here we report on high pressure x-ray diffraction mea- 
surements performed on CeRhlns up to 13 GPa at high 
(T = 295 K) and low (T = 10 K) temperatures under 
both hydrostatic and quasihydrostatic conditions. As the 
measured linear compressibilities are similar for both the 
a and c directions, the results for all pressure measure- 
ments, both hydrostatic and quasihydrostatic, are simi- 
lar. The elastic properties obtained from the high pres- 
sure measurements are compared to the full set of elas- 
tic constants obtained from resonant ultrasound (RUS) 
measurements, and excellent agreement is found in the 
measured bulk modulus (B » 78 GPa) from both tech- 
niques. We find no direct correlation between c/a and T c 
as a function of pressure. Rather, a double peaked struc- 
ture with a local minimum around 4-5 GPa is observed 
for c/a at both room and low temperatures. 



II. 



EXPERIMENT 



CeRhlns single crystals were grown by a self flux 
technique^. The single crystals were crushed into pow- 
der and x-ray diffraction measurements show the single 
phase nature of the compound. In agreement with pre- 
vious results^, the crystals were found to have tetrag- 
onal symmetry with cell parameters a = 4.6531(1) A, 
c = 7.538(9) A. 
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The high pressure x-ray diffraction (XRD) experiments 
were performed using a rotating anode x-ray generator 
(Rigaku) for Runs 1-4 (A =0.7093 A) and synchrotron 
x-rays at HPCAT (A =0.4218 A), Sector 16 at the Ad- 
vanced Photon Source for Run 5 and the low tempera- 
ture measurement. The sample was loaded with NaCl 
or MgO powder as a pressure calibrant and either a 4:1 
Methanol ethanol mixture (hydrostatic) or NaCl (quasi- 
hydrostatic) as the pressure transmitting medium in a Re 
gasket with a 180/im diameter hole. High pressure was 
achieved using a Merrill-Basset diamond anvil cell with 
600 /im culet diameters. The XRD patterns are collected 
using an imaging plate (300 x 300 mm 2 ) camera with 
100 x 100 /im 2 pixel dimensions. XRD patterns were 
collected up to 13 GPa at room (T = 295 K) and low 
(down to T — 10 K) temperatures. The low temperature 
measurements were made in a continuous flow cryostat. 
The images were integrated using FIT2D software^. The 
structural refinement of the patterns was carried out us- 
ing the Rietveld method on employing the FULLPROF 
and REITICA (LHPM) software packages^. The RUS 
technique is described in detail elsewher o 19 ! 20 . 

By measuring the resonant frequencies of a well aligned 
single crystal of CeRhlns, we can determine the full set 
of room temperature elastic constants. This will give the 
adiabatic bulk modulus B s rather than the isothermal 
bulk modulus Bq found in the pressure measurements. 
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III. 



RESULTS AND DISCUSSION 
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FIG. 1: Rietveld refinements for the high pressure x-ray 
diffraction patterns of CeRhlns at 0.26 GPa and 7.54 GPa. 
The NaCl pressure marker and various reflections from 
CeRhlns are labeled. 



In Fig. ^we show the XRD patterns for CeRhIn 5 ob- 
tained at two different quasihydrostatic pressures with 
NaCl used as the pressure transmitting media. The raw 
data (crosses), Rietveld fit to the data (solid line through 
the data points), fit reflections (vertical lines) and the 
difference between the fit and experiment (solid line near 
bottom) are all shown. Fig. [21 shows the diffraction data 
at five different pressures. Diffraction peaks from the 
Re gasket (labeled g), NaCl (labeled *) and CeRhIn 5 
(no label) are all observed in Fig. [5J The known equa- 
tion of state for NaClSi or the standard ruby fluorescence 
technique 2 ^ was used to determine the pressure. The re- 
finement of the CeRhlns XRD patterns was performed on 
the basis of the P4/mmm space group (No. 123). The 
HoCoGas structure in which CeRhlns crystallizes con- 
tains layers of cubo-octohedra of the structural type of 
AuCu3 and layers of PtHg 2 structure type. The unit cell 
consists of Ce atoms situated at the corners and In atoms 
at two inequivalcnt sites. Inl is surrounded by Ce and 
located at the top and bottom faces while In2 is stacked 
between Ce-In and Rh layers. The hybrid structure is 
related to both Celn3 and Ce2RhIng. When comparing 
the crystallographic data and bulk modulus of Celn3 it 
is evident that the Ce atom in CeRhlns experiences a 
chemical pressure of 1.4 GPa at ambient conditions^. 

The results of the Rietveld refinement at different pres- 
sures have been listed in Table [Q 



a(A) 

C (A) 

In2 (z) 
Bee (A 2 ) 
B R h(A 2 ) 
Sim (A 2 ) 

5ln 2 (A 2 ) 

Rp (%) 
R-wp (%) 



1.47 GPa 

4.6263(3) 

7.505(1) 

0.3036(3) 

0.3(1) 

0.9(1) 

1.7(2) 

1.4(1) 

2.1 

3.0 



3.97 GPa 

4.5718(3) 

7.409(1) 

0.3049(4) 

0.5(2) 

1.3(3) 

3.8(4) 

1.3(1) 

2.6 

3.8 



5.18 GPa 

4.5712(3) 

7.396(1) 

0.3089(3) 

0.3(1) 

1.0(2) 

1.4(3) 

1.2(1) 

2.5 

3.5 



7.54 GPa 

4.5298(3) 

7.337(1) 

0.3058(3) 

0.5(1) 

1.7(1) 

1.4(2) 

0.80(7) 

2.1 

3.0 



TABLE I: Room temperature structural parameters, isotropic 
thermal parameters B, and R factors of CeRhlns at different 
pressures. The crystal structure is tetragonal and space group 
symmetry is P4/mmm (No. 123) with Z = 1. The atomic sites 
are Ce at la [ 0, 0, ], Rh at lb [ 0, 0,0.5 ], Inl at lc [ 0.5, 
0.5, 0] and In2 at 4i [0, 0.5, z\. 



During the refinement, a total of nineteen parameters 
have been optimized which include the background, scale 
factors, lattice parameters, profile parameters, tempera- 
ture factors, zero point shift parameter and atomic coor- 
dinate. Initially the refinement has been started for two 
phases in most cases including the pressure calibrant, and 
at higher pressures an additional phase for the gasket has 
been added. At higher pressures, considerable changes 
in the isotropic temperature factors are observed for Inl, 
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FIG. 2: X-ray diffraction patterns collected at various pres- 
sures for CeRhlns. Peaks labeled (g) correspond to the Re 
gasket and (*) to the NaCl pressure marker. Peaks without 
a label are from the CeRhlns sample. 



In2 and Rh during the refinement. 

The V(P) data has been plotted for CeRhIn 5 for quasi- 
hydrostatic (Run 1 and Run 2) and hydrostatic (Runs 3- 
5) measurements in Fig. [21 Since the maximum volume 
compression is only of the order of 10%, the V(P) data 
has been fit using a least squares fitting procedure to the 
second order Murnaghan equation of state 
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For the room temperature (T = 295 K) data in Fig. 
□ we find B = 78.4 ± 2.0 GPa and B' = 5.6 ± 0.6. 
The Rhln2 layers in CeRhlns appear to stiffen the struc- 
ture relative to Celn3 which has a smaller bulk modulus 
(B = 67 GPa) 23 <. The bulk modulus value compares well 
with the values reported for other HF system a 24 ' 2 ^ ,2 9i 2 7 . 
Fig. 13 also shows the ratio of the lattice constants c/a 
as a function of pressure. For all of the measurements, 
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FIG. 3: Normalized volume V/Vo and ratio of tetraganol 
lattice constants c/a plotted versus pressure for CeRhlns at 
room temperature. Five separate runs, two quasihydrostatic 
(filled symbols) and three hydrostatic (open symbols) are dis- 
played. The solid line through the volume data is a fit to all 
of the data using B = 78.4 GPa and B' = 5.6. The dashed 
line shows the ambient pressure c/a value. The line through 
the c/a data is a guide for the eye. 



there appears to be a double peak structure with a local 
minimum around 4-5 GPa. Note that the istropic ther- 
mal paramaters for the In sites, in particular the Inl site, 
have their largest values around 4 GPa. The initial val- 
ues of the linear compressibilities (average values from 
the hydrostatic measurements for P < 2 GPa) are n a 
= (3.96 ± 0.08) x 10~ 3 GPa" 1 and n c = (4.22 ± 0.10) x 
10~ 3 GPa -1 . The similarity between the measured val- 
ues of K a and Kb are likely the reason that no discernible 
difference is found for the hydrostatic and quasihydro- 
static cases. The P — V data shows that the system 
retains its crystal structure up to the pressure limit (13 
GPa) investigated. 

We have also investigated the V(P) behavior at low 
temperature (T = 10 K). As the superconducting transi- 
tion has a maximum around 2 K, it is desirable to obtain 
structural data in the low temperature regime when try- 
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FIG. 4: Normalized volume V/Vo and ratio of tetraganol lat- 
tice constants c/a plotted versus pressure for CeRhlns at 10 
K. The solid line through the volume data is a fit to all of the 
data using B = 78.2 GPa and B' = 4.8. The dashed line 
shows the ambient pressure c/a value. The solid line through 
the c/a data is a guide for the eye. 



ing to correlate superconductivity to structural measure- 
ments. The results for a single hydrostatic measurement 
at 10 K is shown in Fig. g| The value of B = 78.2 ± 5.2 
GPa is identical to the room temperature value within 
the experimental uncertainty. Though the lattice does 
contract at ambient pressure as temperature is lowered 
which would lead to a higher bulk modulus, the expected 
change is within our experimental uncertainty. The vari- 
ation of c/a as a function of pressure again shows a dou- 
ble maximum structure at low temperature in a manner 
similar to the room temperature data. 

As mentioned, a strong correlation between the ambi- 
ent pressure c/a ratio and T c in the CeMIns compounds 
has been observed (increasing c/a increases T c )i4. To 
further investigate the variation of c/a with pressure and 
temperature, we plot the value of c/a as a function of 
temperature at P = 6.9 GPa in Fig. \5\ As can be seen, 
there is a significant enhancement of c/a at 6.9 GPa rel- 
ative to the ambient pressure thermal expansion data of 
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FIG. 5: Ratio of tetragonal lattice constants c/a plotted ver- 
sus temperature for CeRhlns at P = 6.9 GPa. The solid line 
is from ambient pressure thermal expansion data (Ref. 28). 

Takeuchi et ah 2S Unlike the ambient pressure data, c/a 
appears to increase as temperature is lowered at 6.9 GPa. 
Taken as a whole, the current results seem to show no di- 
rect correlation between the values of c/a and T c under 
pressure. However, the value of c/a (« 1.624) where 
T C (P) has its maximum around 2.5 GPa is consistent 
with a correlation between the room temperature value 
of c/a and T c for various CeMIns compounds^* This 
leads to the natural conclusion that hybridization effects 
are likely the driving force behind the observed T c (P) be- 
havior in CeRhlns. We will discuss this in further detail 
later. 

The complete set of elastic constants were measured 
using the RUS technique and the results are shown in 
Table [n] The values of the adiabatic compressibility B s , 
tetragonal shear modulus C , and linear compressibili- 
ties (k q , k c ) can be calculated from the measured elastic 
constants^ and are given by 



C^z{C\i + C12) — 2C^3 
2C33 + Cn + C12 — 4Ci3 



and 



C — - (2C33 + C\\ 
6 



4C 13 ) . 



(2) 



(3) 



The results are displayed in Tabic ITT1 The value of B° 
is slightly larger than the isothermal value Bq obtained 
from the pressure measurements. This is to be expected 
as the ratio B s /B = 1 + (3j th T, where (3 = 4.6 x 10~ 5 
K _1 is the volume thermal expansion coefficient and 
j th is the thermal Gruneisen parameter which is typically 
of the order of unity. At room temperature then, one 
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Elastic Constant 


Value (GPa) 


Cn 


146.7 


C12 


45.8 


C44 


43.4 


C33 


141.4 


Cl3 


54.0 


C66 


41.8 


Moduli 


Value (GPa) 


is (RUS) 


82.5 


/""ft / T~> T TO \ 

C (RUS) 


43.2 


Bo [P) 




Compressibilities 


Value ^LjrJr^a ) 


Ka (RUS) 


4.09x 1(T 3 


k c (RUS) 


3.96x KT 3 


(P) 


3.96x 1(T 3 


K C (P) 


4.22x !Q-' d 



TABLE II: A summary of the CeRhlns elastic constants dj 
measured using resonant ultrasound and the various moduli 
and compressibilities measured by resonant ultrasound (RUS) 
and pressure (P). 



then expects B s /Bq w 1.01 — 1.02 which is in reasonable 
agreement with our experimental value of 1.05 ± 0.03. 

In all of the measurements, the c/a ratio is found to 
have a double peaked structure. As mentioned previ- 
ously, the hybridization between the Ce 4f electrons and 
the conduction electrons should mainly depend on the 
distance between Ce and its nearest neighbors. In fact, a 
simple model to estimate the hybridization by means of 
a tight-binding calculation shows that the hybridization 
should have the relatively strong dr 6 dependence for hy- 
bridization between f and d electrons, where d is the dis- 
tance between the atoms containing the d and f electrons 
(in our case, this would be Rh and Ce respectively) 30 ' 31 . 

To examine the pressure dependence of d, the Ce- 
Inl and Ce-In2 bond lengths are plotted in Fig. 
for the hydrostatic measurements. The Ce-Inl bond is 
less compressible than the Ce-In2 bond. The Ce-In2 
data appears to display plateaus between 0-2 and 3-5 
GPa. The structural results may be compared with the 
high pressure resistivity experimental data reported for 
CeRhln j 6 ! 32 . First, the temperature corresponding to 
the maximum in the resistivity, often taken to be a mea- 
sure of the Kondo temperature Tk is seen to initially 
decrease in CeRhlns in contrast to the usually observed 
behavior—. One possible explanation for this effect could 
lie in an initial increase in the Ce-In2 bond length caus- 
ing an anomalous initial decrease in the hybridization. 
Whereas the plot of Ce-Inl bond length with pressure 
shows a gradual decrease with increasing pressure. Our 
data is not sufficient to make any definite conclusions 
along these lines. The smooth decrease in the Ce-Inl 
bond length would lead one to expect the typical inverse 
parabolic T C (P) dependence consistent with theoretical 
calculations^, measurements on CeRhln j 6 ! 32 and most 
heavy fermion superconductor s 3 ! 4 ! 5 . 
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FIG. 6: The measured Ce-Inl and Ce-In2 bond lengths for 
both hydrostatic measurements on CeRhlns as a function of 
pressure. 



IV. CONCLUSIONS 



We have studied the elastic properties of the heavy 
fermion system CeRhlns using resonant ultrasound and 
hydrostatic and quasihydrostatic pressures up to 13 GPa 
using x-ray diffraction. The bulk modulus (B = 78 GPa) 
and uniaxial compressibilities (n a = 3.96 x 10~ 3 GPa" 1 
and k c = 4.22 x 10~ 3 GPa -1 ) found from pressure- 
dependent x-ray diffraction are in good agreement with 
the ultrasound measurements. Unlike doping experi- 
ments which hint at a strong correlation between the c/a 
ratio and T c , pressure shows no such correlation as a 
double peaked structure with a local minimum around 
4-5 GPa is found at 295 K and 10 K. 
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